Quantitative MR imaging techniques allow detection of subtle tissue changes that occur with brain aging beyond the accumulation of WMH and brain atrophy. To what extent sex and cerebrovascular risk factors impact these changes is largely unknown. We attempted to study these risk factors in the context of the community-based ASPS.
A 1c ϭ glycol hemoglobin; HDL ϭ high-density lipoprotein; max ϭ maximum; MT ϭ magnetization transfer; MTI ϭ MT imaging; MTR ϭ MT ratio; NABT ϭ normal-appearing brain tissue; WMH ϭ white matter hyperintensity M R imaging has shown that the aging brain-apart from overt disease-can undergo various changes that may have a significant impact on cognitive function, gait, balance, and mood. Among those readily appreciated on conventional MR imaging are the accumulation of WMH, silent lacunes and infarcts, and cerebral atrophy. [1] [2] [3] [4] The contribution of cerebrovascular risk factors to these alterations has been assessed in several studies. [5] [6] [7] [8] From MR imaging techniques such as DTI or MTI probing tissue composition and microstructure, there is evidence for additional more subtle changes that may occur with aging of the brain. [9] [10] [11] [12] These can also bear clinical relevance because of the large volume of potentially affected but NABT and as possible precursors of gross morphologic damage. 13, 14 So far the pathophysiologic background of these microstructural alterations, such as their association with cerebrovascular risk factors and their relation to sex, has not been studied in detail, to our knowledge.
MTI has been established as an important tool for detecting microstructural tissue changes in inflammatory and neurodegenerative diseases of the brain. 15 MTI is based on the exchange of magnetization between tissue water and protons that are bound to macromolecules such as the myelin lipids and proteins. The rate of exchange gives an estimate of the magnitude of these compartments, such as the pool of bound protons, which cannot be measured directly by conventional MR imaging due to their extremely short T2 relaxation time. 16 The efficacy of the MT is usually quantified by the MTR. In brain tissue, the MTR correlates with macromolecular attenuation and, therefore, is believed to largely reflect myelin content. Supportive evidence for this concept comes from basic models of MT 17 and more recently from correlative histopathologic studies. 18 Water content and other components of brain tissue are likely to contribute to MTR changes as well.
It is well established that the MTR increases as a consequence of myelination and brain maturation during the first 2 years of life. 19, 20 Thereafter it is thought to remain constant until the last decades of life, when a strong negative correlation of the MTR with age has been reported. [21] [22] [23] Some sex-related differences confined to specific brain regions have also been suggested. 24 Whether and to what extent additional factors may influence the MTR of brain tissue with aging is widely unknown. In an extension of an earlier study that focused on WMH, 10 we examined the association of sex and vascular risk factors with cerebral MTR metrics in a large cohort of healthy elderly individuals.
Materials and Methods

Subjects
The study cohort was drawn from the ASPS, which is a prospective single-center community-based follow-up study with the goal of examining the frequency of vascular risk factors and their effects on cerebral morphology and function in the healthy elderly. 25 An invitation to the study followed random selection from the community register. On the basis of a structured clinical interview and a physical and neurologic examination, participants had to be free of overt neurologic or psychiatric findings and had to have no history of a neuropsychiatric disease, including previous cerebrovascular attacks and dementia. The study protocol was approved and accepted by the ethics committee of the Medical University of Graz, Austria, and informed consent was obtained from all study participants.
The following demographic variables and risk factors were considered in the current study: age, sex, systolic blood pressure, diastolic blood pressure, a diagnosis of arterial hypertension and diabetes mellitus, smoking, the body mass index, cholesterol and triglyceride levels, glycated hemoglobin, and the presence of cardiac disease comprising sources such as cardiac embolism, coronary heart disease, and left ventricular hypertrophy. Arterial hypertension was considered present if there was a history of arterial hypertension with repeated blood pressure readings higher than 160/95 mm Hg, if an individual was treated for arterial hypertension, or if the 3 readings of the systolic and diastolic blood pressure exceeded this limit. Diabetes mellitus was coded as present if a subject was treated for diabetes at the time of examination or if the fasting blood glucose level at 1 examination exceeded 140 mg/dL. With regard to smoking, subjects were grouped into nonsmokers, former smokers, and current (long-term) smokers.
MR Imaging
MR imaging was performed on a 1.5T ACS-Intera system (Philips Healthcare, Best, the Netherlands) with a protocol that included a T2-weighted fast spin-echo sequence and a FLAIR sequence. Section thickness was 5 mm with a 0.5-mm intersection gap. At a later stage of the ASPS study, MTI was added to the scanning protocol and was performed in 372 subjects. MTI was performed after conventional MR imaging with a spoiled 3D gradient-echo sequence (TE ϭ 4 ms, TR ϭ 26 ms, FA ϭ 20°, section thickness ϭ 3 mm, FOV ϭ 250 mm, matrix ϭ 256 ϫ 256) with and without a binomial saturation pulse (1-2-1, B 1max ϭ 21 T). The axial sections of the MT and FLAIR sequences covered the whole brain and were positioned to run parallel to a line defined by the most inferoanterior and the most inferoposterior parts of the corpus callosum.
Image Analysis
MTR metrics were assessed separately for the NABT by means of histogram analysis and for WMH by calculating the mean lesional MTR. The definition of NABT was based on a normal signal intensity on FLAIR images (ie, it comprised all brain tissue outside WMHs). For this purpose, WMHs were first specified and graded by a single rater (C.E.), according to our scheme, into absent, punctate, early confluent, and confluent. 26 They were then outlined semiautomatically with the program DispImage (provided by Dave Plummer, University College of London, London, UK) to generate corresponding WMH masks and to calculate a WMH volume for every subject. MTR maps were calculated according to the formula MTR ϭ (M ss Ϫ M 0 ) / M 0 , where M ss and M 0 are the signal intensities obtained with and without MT saturation, respectively. The MTR maps then were registered with the FLAIR scans by using an automated affine registration tool (FLIRT as part of FSL, http://www.fmrib.ox.ac.uk/ fsl/flirt/index.html).
A mean MTR was calculated for each WMH by masking the registered MTR maps with the WMH masks. To reduce partial volume effects, which might have taken place due to image registration and subsequent interpolation, we eroded all masks by 1 pixel. The MTRs of all WMHs were averaged to obtain a mean lesional MTR for each subject.
To analyze the MTR metrics of NABT, we removed all WMH areas from the MTR maps after dilating the original WMH masks by 1 pixel and removed nonbrain tissue with a brain extraction tool (BET as part of FSL, http://www.fmrib.ox.ac.uk/fsl/bet2/index.html). All remaining voxels in the MTR maps were then considered for the MTR histogram analysis. For each histogram, we calculated the following: 1) the peak position (ie, the MTR value with the highest frequency), 2) the relative peak height (ie, the relative voxel count at the peak position), and 3) the FWHM. To correct for differences in individual brain volumes, we normalized the histograms by the total number of voxels contributing to the histogram.
For the present analysis, we excluded 44 subjects from the image analysis for the following reasons: severe motion artifacts on FLAIR or MTI scans (nϭ 26), silent chronic brain infarcts (n ϭ 8), single large lesions (Ͼ20 mm) or diffuse white matter changes of uncertain etiology (n ϭ 8), or hydrocephalus (n ϭ 2).
Statistical Analysis
The primary goal of this study was to probe the impact of sex and different cerebrovascular risk factors on microstructural brain changes assessed with MTI. We used the Statistical Package for Windows (StatSoft, Tulsa, Oklahoma) for data analysis. First, univariate analysis was used for descriptive statistics of the male and female participants and to identify potential risk factors that may have an effect on mean lesional (WMH) MTR and on the MTR metrics of the NABT (ie, the histogram peak height, position, and FWHM). To investigate the effect of sex, hypertension, smoking, cardiac disease, and diabetes, we used a Student t test for independent samples. A 1-way analysis of variance was used to assess the effect of WMH severity on the MTR indices. For this purpose, we grouped individuals according to the following WMH characteristics: 0 -2 punctate WMHs, Ͼ2 punctate WMHs, early confluent WMHs, and confluent WMHs. For all other variables, a linear regression analysis was used. Finally, a multiple regression analysis was used to identify those factors that independently impacted MTR indices. The regression analysis was performed for the total study cohort by using sex as an independent factor. A P value Ͻ .05 was considered significant.
Results
Subjects
The final study cohort consisted of 328 individuals without significant MR imaging pathologies with adequate FLAIR and MTI scans. There were 215 women and 113 men with a mean age of 70.5 years, ranging from 52.7 to 87.2 years. Sex sub-groups were comparable for age and WMH severity, but women smoked significantly less and had higher cholesterol levels and lower levels of triglycerides ( Table 1) .
Predictors of the MTR of NABT
Sex Effects. Univariate analyses of the entire cohort revealed age as the strongest significant predictor for MTR histogram metrics in NABT (Table 2 ). In a separate regression analysis for men and women, the peak position of the MTR histogram was shifted toward lower MTR values with increasing age in both sexes (Fig 1) . In relation to the relative peak height, men showed a more rapid decline with age than women. The regression function could be modeled best by a second order polynomial and revealed that this sex difference started between 60 and 65 years of age (Fig 2) .
Effects of Cerebrovascular Risk Factors. Univariate analysis of vascular risk factors on MTR metrics showed significant associations with MTR peak height and position in NABT for WHM volume; systolic blood pressure; the level of glycated hemoglobin; and the presence of hypertension, diabetes mellitus, and cardiac disease (Tables 2 and 3 ). WMH severity affected the peak height only when it was seen to decrease with higher WMH grades. With significant predictors in a linear regression model, only age, sex, diabetes, and hypertension remained as independent factors for MTR changes in NABT (Table 4) . Using the FWHM did not reveal any association beyond those seen with the peak height and the peak position.
Predictors of the MTR of WMHs
The mean MTR of WMH was significantly lower than the histogram peak position (ie, the MTR of normal-appearing white matter). The only factors that independently affected lesional MTR were WMH grade and arterial hypertension. Accordingly, subjects with hypertension had a significantly lower lesional (WMH) MTR than normotensive subjects (Table 3 and Fig 3) . Systolic or diastolic blood pressure did not correlate with the lesional MTR.
Discussion
This is the first study that assessed brain tissue changes in a large cohort of healthy elderly individuals by using MTI. Our results confirm a significant impact of aging per se on the composition of NABT. As a novel finding, we also identified modulatory effects of sex, hypertension, and diabetes mellitus on MTR metrics. In contrast, MTR changes in WMHs were related only to hypertension and WMH severity and not to the individual's age. In this context, the MTR metrics of NABT will be governed almost exclusively by contributions from white matter. The reason for this is a much higher MTR of white than gray matter. As a consequence, the prevailing decrease of gray matter tissue with aging and the ensuing shift in gray/white matter proportions may only partly have influenced these results. Even in the case of gray matter changes or atrophy, the peak position of NABT remains unchanged because it reflects essentially the mean MTR of white matter, provided the histogram is bimodal. 27, 28 Thus, it is commonly believed that a shift of the peak position toward lower MTR values implies diffuse changes in white matter but no changes in the gray/white matter ratio. In contrast, the relative peak height of the histogram reflects the relative number of voxels in normal white matter in relation to the total number of voxels contributing to the histogram. A decrease of the peak height of the MTR histogram thus indicates just a reduction of the amount of normal white matter within NABT. This can be caused by focal tissue destruction and any change in the proportion of tissue compartments (ie, also a change in the proportions of white matter, gray matter, and CSF compartments).
The observed changes in MTR histogram parameters of the NABT with increasing age, which were seen in regard to both peak position and peak height, were not unexpected and have already been reported in previous studies. 10, [21] [22] [23] Yet, some studies failed to demonstrate a significant age effect. 9, 29 This difference may be explained by the fact that some of these investigations included cohorts with a broader age range and did not correct for the plateauing during midlife. Another possible explanation is differences in the applied MT protocol.
The size and selection criteria of the investigated cohort also allowed exploration of the impact of sex and vascular risk factors on MTR metrics with normal aging. We thus observed that the MTR peak height declined with age more steeply in men than in women while the histogram peak position was not affected by sex. This sex difference cannot be explained by different risk profiles in men and women because those factors that were significantly different between sexes did not show a correlation with MTR metrics. Furthermore, a significant effect of sex was retained in the multivariate regression model. The sex difference was seen only in the peak height and not in the peak position. This finding suggests a more rapid loss of normal white matter with aging in men. While it could be speculated that more pronounced atrophy of gray matter structures may have contributed to this finding, this is unlikely (ie, greater loss of gray matter-which has been reported by some to occur in men [30] [31] [32] -should have left the peak height unaffected rather than caused a decrease because of the increasing relative contribution of the white matter compartment in such a scenario). A recent study using multifrequency MR elastography, which reported a more preserved viscoelasticity of the brain with aging in women than men, is in line with our findings. 33 Multiple regression analysis revealed diabetes mellitus and hypertension as independent predictors for MTR reductions in the NABT. Both have been associated with changes in microperfusion and damage of the blood-brain barrier, and both are risk factors for WMH and atrophy. [34] [35] [36] [37] [38] Our finding that the presence of diabetes reduces histogram peak height while preserving the mean MTR value in the white matter (ie, the MTR peak position), most likely reflects brain tissue loss rather than demyelination or global changes of the microstructure. In contrast, hypertension affected the peak position only, which means that changes related to hypertension were more likely global and diffuse in nature. Regarding focal damage (ie, WMH), we confirmed lesion grade and hypertension as predictors of more severe tissue damage. The strengths of this study are the large and homogeneous study cohort and the use of a very sensitive MT protocol, which was achieved by a 3D sequence with a high repetition rate of the MT saturation pulses. The latter is also substantiated by the high MTR values observed, though so-called direct saturation effects produced by the binomial pulses might also have contributed to this. 39 A limitation certainly comes from the fact that we were able to explain only a relatively small portion of the variability of the MTR metrics despite the large number of variables assessed. For specific information on gray and white matter structures, it would have also been desirable to assess different tissue compartments separately. However, because the scans were acquired at a time when tissue segmentation was not yet a consideration, we abstained from such efforts.
Conclusions
We here confirm MTI as a sensitive tool for the depiction of microstructural changes with aging in otherwise NABT. From our results, there is also evidence for diffusely damaging effects of hypertension while male sex and diabetes mellitus may contribute to a more rapid loss of normal white matter. The biochemical and histopathologic correlates of observed MTR changes and the pathophysiologic mechanisms involved await further clarification.
